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Most of the congeners tested suppressed spontaneous con traction, which was not necessarily accompanied by the suppression of Ca2+ spikes. The most potent analogues for Ca2+ spike suppression were (±)- [6] -gingerol (0.3 mM) and (+)-yakuchinone-A (0.3 mM). These compounds also strongly inhibited spontaneous contraction.
In contrast, (±)- [8] -gingerol (0.3 mM) inhibited the contraction without changing the Ca 21 spikes. These results suggest that the inhibition of spontaneous contraction induced by (+)- [6] -gingerol, but not by (+) [8] -gingerol, is due to the Ca 21 spike suppression.
The rhizomes of ginger (Zingiberofficinale) has not only been used as a condiment for food but also as a traditional medicine. Ginger rhizomes were found to contain gingerols (1) such as the pungent substance, shogaol and a variety of diarylheptanoids. These compounds are anti-hepatotoxic in primary cultured rat hepatocytes (2), inhibit gastric movement in situ in rats (3), have a dose-dependent positive inotropic effect on the isolated atria of guinea pigs (4), and potently inhibit prostaglandin biosynthesis (5) . Above all, effects are greater with (±) [8] -gingerol than with (+)- [6] -gingerol. In the present study, the effects of gingerols and related analogues on vascular Ca2+ spikes and smooth muscle contractions are compared, based on their chemical structures.
Materials and Methods
Mice (ddY strain, male, 7-8 weeks old, weighing 30-38 g) were killed by decapi tation. The portal veins (width, 1 mm; length, 10 mm) were isolated, surface fat was removed, and both ends were tied with silk threads to acrylic rods. Electrical and isometric mechanical responses were simul taneously recorded using the single-sucrose gap method. The experimental procedures were essentially the same as those described by M. Kimura et al. (6) and I. Kimura et al. (7), with minor modifications.
A modified Krebs' solution with the following composition (in mM) was used: NaCI, 122; KCI, 5.9; NaHC03, 15.5; MgC12, 1.2; CaC12, 2.5 and glucose, 11.5. High K+ solution (18 mM K+) was prepared by re placing the NaCI with KCI. The spontaneous responses obtained in the presence of high K+ solution before the application of the compounds were used as the control, which was taken as 100% response. Normal Krebs' solution was used only during tissue pre paration and washing out of principles. Both the normal and the high K+ solutions (37'C) were bubbled with a 95% 02+5% C02 mixture for at least 30 min prior to use.
The following compounds were prepared as shown in Fig. 1 
(com pound A), (±)-yakuchinone-A, (+)-hexahy drocurcumine (HHC), and (±)-7-(3",4" dihydroxyphenyl)-5-hydroxy-1-(4'-hydroxy phenyl)-3-heptanone (compound B). Just before use, these compounds were suspended homogeneously in distilled water using a sonicator. The concentrations are expressed as the final concentration in the tissue chamber. Results Structure-activity relationships among gingerols and various analogues based on calcium spike suppression and contraction inhibition: The effects of gingerols and various analogues at a concentration of 0.3 mM on spontaneous responses were compared using isolated mouse portal vein. Quantitative analysis of the responses for 3 min from 6 to 9 min after the compound application showed that (±)- [2] -, (±)- [6] and (±)-[10] gingerols significantly suppressed spon taneous Ca2+ spike amplitudes and inhibited the contraction amplitudes (Table 1) [6]-Gingerdione (the hydroxy group at the C-5 of (±)- [6] -gingerol is oxidized to a carbonyl) showed similar properties to, but weaker than, (±)- [6] -gingerol.
However, [6] -gingerdiol (the carbonyl group at C-3 of (±)- [6] -gingerol is converted to a hydroxy group) slightly inhibited spontaneous con traction without changing spike discharges.
Comparing the responses elicited by the diarylheptanoids (an aryl group is attached to the gingerol derivatives), (+)-yakuchinone A and (±)-HHC greatly inhibited both the spontaneous Ca2+ spike and the contraction amplitudes.
The inhibitory effects of com pound A were strongest next to gingerol. Ca2+ spike sup pression and contraction inhibition induced by (±)- [6] and (+)- [8] -gingerols were com pared further. Typical tracings of the re sponses to (±)- [6] and (±)- [8] -gingerols at the concentration of 0.1 mM are shown in Fig. 2 . Both compounds hyperpolarized the membrane and inhibited the spontaneous contraction.
Only (±)- [6] -gingerol signifi cantly decreased spike amplitude.
The time-response curves of 0.3 mM (f) [6] -gingerol and (+)- [8] -gingerol are com pared in Fig. 3 with regard to the three parameters: Ca2+ spike frequency and ampli tude and contraction amplitude. The changes from the responses before application of gingerols were measured every 3 min at 3, 6 and 9 min after the application. (±)- [6] Gingerol decreased these three parameters in parallel. In contrast, (±)- [8] -gingerol in hibited spontaneous contraction amplitudes without changing the Ca2+ spikes.
The concentration-response curves for (±)- [6] and (±)- [8] -gingerol of these three parameters are shown in Fig. 4 . At the con centrations of 0.1 and 0.3 mM, parallel changes in these three parameters occurred concentration-dependently with (±) [6] gingerol, but showed non-parallel changes with (±)- [8] -gingerol.
When the concen trations of both compounds were increased to 0.5 mM, the smooth muscle membrane was depolarized (data not shown), and con tractile tension increased (Fig. 4) . 
Discussion
In the series of compounds tested, the most active analogue producing significant suppression of Ca 21 spikes and inhibition of spontaneous contraction was (d)- [6] -gin gerol. Shortening or lengthening the alkyl side chain reduced the activity. When the carbonyl group at the C-3 position of (+) [6] -gingerol is converted to a hydroxyl group or the hydroxyl group at C-5 position is oxidized, the activity is also reduced.
The chemical structure of the diaryl heptanoids used in the present study have the same length of alkyl chain as (*)- [4] gingerol. The substitution of the hydrogen at the C-7 position with a phenyl group (com pound A, (±)-yakuchinone-A and (±)-HHC) significantly suppressed the spontaneous Ca 21 spikes and contraction, whereas (±) [4] gingerol had weak effects. The introduction of the free OH group in the phenyl moieties (compound A to compound B) also reduced the inhibitory activity.
The spikes evoked by vascular smooth muscles are mainly due to the activation of the Ca 21 influx (9, 10) . In guinea-pig taenia coli, the decrease in Ca2+ spike frequency induced by Ca 2+ antagonists was well matched to the relaxation from resting tension (11) . In the mouse portal veins, the decrease in Ca2+ spike amplitude induced by Ca2+ antagonists was well matched to the in hibition of spontaneous contraction ampli tudes (10) . In the present study, the changes in Ca2+ spike frequency corresponded to those in the spontaneous contraction fre quency. (±)- [6] -Gingerol was the most potent, and (+)-Yakuchinone-A was the next in potency both in suppressing spontaneous Ca2+ spikes (frequency and amplitude) and in inhibiting spontaneous contraction. Com pound A and (±)-HHC also potently sup pressed Ca2+ spike amplitude and contraction amplitude. On the other hand, (±)- [8] gingerol inhibited spontaneous contractions without suppressing spontaneous Ca 21 spikes. Both (±)- [6] and (±)- [8] -gingerols hyper polarized the muscle membrane. The relation between the Ca2+ spike suppression and hyperpolarization caused by (+)- [6] -gingerol is still open to clarification.
